The conditions under which alizarin, purpurin, carminc acid, quinalizarin and alizarin red S in the solution of several organic solvents can be electrochemically transformed are analysed. The electrochemical activity of these molecules with quinone and phenolic moieties is relatively easy detected by cyclic voltammetry. Numerous electro-reduction/oxidation processes without and with added acid or base are observed. The number, the current intensity and the peak potential of the charge transfer processes are rationalized on the basis of the homogeneous dissociation equilibriums of the phenolic-OH groups. These equilibria are significantly altered by the medium. A supporting electrolyte unexpected and important effect on the electrochemical behaviour is observed. Alkaline cation of the supporting electrolyte promotes the changes in the electrochemical behaviour by coordinating with opposite charge species. A confusion published in the literature that the electro-reduction of the hydroxyquinones proceeds only through the formation of a radical-anion and a dianion is revealed. Solvent effect is explained by the stabilization of charge species, which is related to some solvent properties (Gutmann acceptor/donor number and dielectric constant). Solvents with strong acceptor properties favour the dissociation of the phenolic-OH groups. The dissociation equilibriums of phenolic-OH groups in each solvent are confirmed by UV-vis spectra of each dye in solution. Alizarin in DMA solvent with added base shows a particular electrochemical behaviour.
INTRODUCTION
Natural dyes were employed since ancient times. For centuries, these substances were the only dyes used to change the colour of numerous materials. However, synthetic dye industry is at present one of the most important. The use of many of these synthetic chemicals that are employed to colour food, drugs, cosmetics and clothing has been restricted by the high toxicity of some of them [1] . Environmental issues in the production and application of synthetic dyes once again revived consumer interest in natural dyes and their derivatives. The natural dyes derived from 9,10-anthraquinone have a leading role due to the relative abundance and possibilities of transformations that they offer [2] . Dyes containing 9,10-anthraquinone moiety and its derivatives are among the most resistant to light-induced fading [3, 4] . Anthraquinone derivatives in general are also known as analytical reagents [5] [6] [7] [8] , and are currently investigated as promising redox materials for next generation batteries [9, 10] .
The most common natural anthraquinone derivatives are alizarin (1,2-dihydroxy-9,10-anthracenedione, ALZ), purpurine (1,2,4-trihydroxyanthracene-9,10-dione, PP), and carminic acid (3, 5, 6, 8 -tetrahydroxy-1-methyl-9,10-dioxo-7-[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]anthracene-2-carboxylic acid, CA) (Scheme 1). In addition to the natural dyes, there are synthetic colourants of similar characteristics such as quinalizarin (1,2,5,8-tetrahydroxyanthracene-9,10-dione, QZ), and alizarin red S (9,10-dihydro-3,4-dihydroxy-9,10-dioxo-2-anthracenesulfonic acid, sodium salt, ALS) (Scheme 1).
Hydroxyanthraquinones present a long list of possible applications related to their interesting photoactivity. Most applications are based in their chromatic properties. Their colours depend on the position and number of the hydroxyl substituents [11] . Alizarin exists in three forms of different colours, namely the protonated species (neutral non-dissociated AH 2 in Scheme 2) and two deprotonated species corresponding to the monoanion (AH − in Scheme 2) and dianion (A 2− in Scheme 2). The absorption maximum of the neutral non-dissociated form is located at 430 nm, the monoanionic form is characterized by an absorption maximum at around 530 nm while the dianionic form is represented by two superimposed bands in the range from 570 nm to 620 nm [11] [12] [13] [14] [15] [16] [17] . The colour change of alizarin is modelled based on simple protocol within TD-DFT framework [13] .
This makes the use of alizarin chromophore suitable since it is sensitive to the presence of proton acceptor agents even in non-aqueous solutions [18] . A similar behaviour is observed for ALS [19] . The absorption spectrum of CA in water at different pHs (3.0-12.0) has also been studied. In the analysed interval of pH, CA is found under three different forms, mono (CA − ), di (CA 2− ) and tri (CA 3− ) anionic forms with the corresponding absorption maxima at 490 (CA − ), 558 (CA 2− ), 530 and 566 nm (CA 3− ). In the explored pH interval, CA passes from the mono-anion at pH 3 till the tri-anion at pH 12 [20] . Solvent effects on the spectra of ALZ and PP dyes are interpreted in terms of intra-and inter-molecular hydrogen-bonding interactions. Less polar non-protic solvents hardly affect the spectrum, whereas red shifts of the absorption maxima are observed in protic solvents. This behaviour is rationalized on the basis of the formation of hydrogen bonds with the solvent [21] .
Among the reactions that may experience anthraquinone dyes, the electrochemical ones often offer very broad possibilities of reactivity, parent molecule derivatization or mechanistic analysis. The electron transfer reactions involving quinones and hydroquinones are very important in biological systems and in many areas of chemistry. In this context, electroorganic synthesis can provide an interesting and practical alternative to conventional methods for synthesis. Since toxic and hazardous redox reagents are either replaced by electric current (direct electrolysis) or are generated in situ from stable and non-hazardous precursors (indirect electrolysis), electrosynthesis is considered to be a safe and environmentally friendly methodology. A further interesting feature is that electrochemical reactions are feasible under very mild conditions since the reaction rate is determined by the electrode potential, with the possibility of carrying out reactions with high activation energies at low temperatures.
Not many works on the electrochemical behaviour of 9,10-anthraquinone dyes are reported in the literature. The electrochemical studies on these dyes have mainly been performed in aqueous solution. Research on adsorption of anthraquinone dyes on hanging mercury drop electrodes [22] , electrochemical degradation of anthraquinone dyes [23] , electrochemical incineration of dyes [24] , the use of 9,10-anthraquinones as mediators for the indirect cathodic reduction of dyes [25] , and the electrochemical analysis of natural solid organic dyes and pigments [26] are some examples.
It is known that the use of organic solvents has several advantages over water in electrochemical studies [27] . Understanding the electrochemical behaviour of the anthraquinone dyes organic molecules in solution of non-aqueous solvents is interesting because it offers the possibility of select the best experimental conditions for transforming the parent molecule by specific synthetic routes, that often are very difficult by traditional thermal routes [27, 28] . The fact that experimental conditions can substantially affect the course and the products of an electrolysis requires a thorough knowledge of the effects of the changes in the experimental variables (supporting electrolyte, pH, solvent, potential, etc.) on electrode reactions. An understanding of the effects of such variables is absolutely necessary for the design and interpretation of the electrochemical results. During the study of the effects of the changes in the experimental variables on the electrode reactions, we observe a very important and unexpected influence of the supporting electrolyte (NaClO 4 vs. R 4 N + ClO 4 − ) on the voltammetry behaviour of the dyes. It was therefore of interest to try to explain the role of sodium ion to modify electrochemical behaviour so markedly. It is a known fact that with tetraalkylamonium salts as supporting electrolyte, the reduction of quinones in aprotic solvents take place by two successive one-electron reduction steps generating two separate cathodic waves in which the first step is completely reversible and the second step is quasi-reversible. The first step corresponds to the formation of a semiquinone radical while the second reduction corresponds to the formation of the quinone dianion [29] .
The techniques employed in our investigation are cyclic voltammetry (CV) which allows a rapid detection of electrochemical activity of the organic molecule as well as provide a versatile mechanistic approach, and UV-vis spectroscopy.
EXPERIMENTAL
Solutions preparation, electrochemical experiments and other manipulations were carried out inside a glove-box under dry nitrogen atmosphere. Non-aqueous solvents and inorganic compounds were purified by standard methods [30] . Solvents (acetonitrile (ACN), N,N-dimethylformamide (DMF), N-methylformamide (NMF), formamide (FM), dimethylsulfoxide (DMSO), dimethylacetamide (DMA), pyridine (Py), tetramethylurea (TMU), propylene carbonate (PC), hexamethylphosphoramide (HMPA), methanol (MeOH), ethanol (EtOH), and ethylenediamine (EDA) were dried with freshly activated 4A molecular sieves and stored in the dry glove-box on freshly activated molecular sieve. A LYP-M2 potentiostat, a 3-module LYP sweep generator and a WinPCChrom digital Data Acquisition Module were used. CV experiments were performed in a conventional undivided gas-tight glass cell with dry nitrogen gas inlet and outlet. The work ing electrode (WE) was a 3 mm diameter vitreous carbon disk encapsulated in Teflon, the counter-electrode (CE) was a 2 cm 2 Pt foil, and Ag + (0.1 M, ACN)/Ag was used as reference electrode (to which all reported potentials are referred). Prior to each electrochemical measurement the WE was polished with alumina up to 1 μm, and then thoroughly ultrasonically rinse. Sodium perchlorate (NaClO 4 ) was used as supporting electrolyte unless otherwise stated. The preparation of the basic solutions was performed by adding an exactly known volume of a concentrated solution of known concentration of dry KOH in absolute ethanol to the solution of the dye in the cell.
The typical employed concentrations of KOH in the ethanol solutions were 0.1 to 1 M depending on the desired final KOH concentration. The volumes of the ethanol solutions ranged from 5 to 50 μl for a total volume of 2-3 ml. The preparation of the TFA solutions was carried out by adding the pure acid to obtain the most concentrated solutions or from solutions suitably diluted in the solvent under study.
All analytical grade dyes were purified by recrystallization and their purity was checked by thin layer chromatography (TLC). For TLC, Silica gel 60 F254 plates from Merck were used and examined under UV light irradiation (254, 365, and 200-800 nm). UV-vis spectral measurements were made with a Shimadzu-1800 spectrophotometer equipped with a thermostatic cell holder. Teflon-stoppered quartz cells with a 1-cm optical path were used.
For all dyes investigated, peak current intensities for the first electro-reduction process (Icp1) increased linearly with the square root of the potential sweep rate (v) in the range 0.050-0.300 Vs −1 , unless otherwise specified. The CVs presented in this work are those measured at v: 0.200 Vs −1 .
RESULTS AND DISCUSSION
The investigation was performed on ALZ, PP, QZ, ALS and CA in solution of thirteen polar non-aqueous solvents commonly used for electrochemical studies, without and with H-bond ability, and with different strength as Lewis acids [31] , but most experiments were focused on ALZ in DMF solution. The measurements were carried out in the absence and in the presence of added acid (trifluoracetic acid, TFA) or base (KOH). NaClO 4 was used as supporting electrolyte, though some experiments were performed with ammonium salts (tetraethylammonium perchlorate, TEAP; tetrabutylammonium perchlorate, TBAP; tetrabutylammonium hexafluorophosphate, TB-NPF 6 ).
UV-vis spectrophotometry
UV-vis spectra give information about the initial structure of the dye (protonated, partially or totally deprotonated species). UV-vis spectra of the dyes were measured in solution of the non-aqueous solvents employed for the electrochemical experiments. Some examples are shown for ALZ in the absence (Fig. 1 ) and in the presence of added acid (Fig. 2) or base (Fig. 3) .
Cyclic voltammetry

Alizarin
Cathodic and anodic charge transfer processes are shown in the CVs measured for ALZ in solution. Several aspects are taken into account to rationalize the global electrochemical process and to propose a reaction mechanism for the phenol-quinone dye. First, it must be considered that this molecule possesses two acidic protons, which could be involved in homogeneous equilibrium reactions that could take place in the electrochemical process in the absence of added acid or base. Supporting electrolyte, solvent and added acid or base effects on the electrochemical processes are observed and rationalized. (Fig. 5 , full line and Table  1) .
For ALZ as a typical example, it can be suggested that the main processes that occur in solution of non-aqueous solvents are two successive electron transfers generating the corresponding radical anion (AH 2 − ) and the dianion (AH 2 2− ). This basic scheme may be modified by protonation-deprotonation equilibria and by intermolecular proton transfers which are, therefore, the next reaction steps for the reaction of the electro-generated bases AH 2 − and AH 2 2− . Thus, the general outline of the Scheme 2 for the electrochemical reactions of ALZ is proposed. The possibility of intramolecular hydrogen exchange does not alter the general scheme, since each species formally maintains its molecular formula.
The and A have the formal structures shown in Scheme 3. All structures are resonance hybrids and tautomers; more stable resonance structures are shown. Since DMF has proton abstracting power [32] , the phenolic hydroxyls in AH 2 molecule are partially dissociated (see UV-vis spectrum in Fig. 1 ). In this condition, the species AH 2 and AH − (equilibrium C1, Scheme 2) are present in the solution of AH 2 in DMF. And it is also possible to consider the presence of a small quantity of the A 2− as observed in the UV-vis spectrum (absorption ca. 620 nm) (Fig. 1) . In this case, the reaction would occur through the reduction of AH 2 , AH − and AH 2− , i.e. the contribution of C4 equilibrium (Scheme 2) is considered negligible. Within Scheme 2, the route chosen by the ALZ-DMF-NaClO 4 system is shown in Scheme 4.
Relative intensities of the peaks are dependent on the extension of the previous dissociation equilibrium C1. The concentration of AH − , which is the origin of the second cathodic wave (cp2 DMF ), is supplied by the chemical equilibrium C1 while the concentration of AH 2− (cp3 DMF ) is supplied by the charge transfer step E4. Therefore, there should be an effect of the initial concentration of AH 2 (C AH2 ) on the current intensity ratios if the Scheme 4 is true. In Fig. 6 is shown the effect of C AH2 on the current function (cf = Ip/(v 1/2 C AH2 )). A quantitative analysis of the cathodic waves shows that the value for cfcp3 DMF /cfcp1 DMF ratio results 0.60 for C AH2 = 20 mM, and 1.6 for C AH2 = 0.38 mM. The greater extent of dissociation at low concentrations, justifies the change in the current intensity ratio. The radical-anion AH 2 − formed in E1 reacts with AH 2 to form AH 3 by proton transfer (step C1 + C6) which is more easily reduced than the neutral organic substrate AH 2 (Scheme 4). As a result, the first and second reductions occur at the same potential (Ecp1 DMF ) and the overall reduction was one step-two electrons (cp1 DMF ).
A constant potential electrolysis experiment of ALZ in DMF solution performed at the first cathodic peak ( Ecp1 = −1.2 V) produced a violet solution. The CV and UV-vis spectrum of this violet solution are similar to those measured for ALZ in presence of the added base ( Figs. 3 and 5 ). An absorption band at 550 nm is shown in the UV-vis spectrum of the violet solution. This absorption maximum is assigned to the AH ̶ specie [12] [13] [14] . This experiment confirms the incorporation of the second step (C1 + C6) in Scheme 4.
The presence of the species AH 2 and AH ̶ in the initial solution is supported by the UV-Vis spectrum. UV-vis spectra of ALZ in solution of DMF and in the different non-aqueous solvents used in this work shown in Fig. 1 (DMF: dotted line) present two maximum at 429 and 565 nm, corresponding to the species AH 2 and AH − , respectively.
The global reaction (GR) corresponding to Scheme 4 is:
The voltammograms of the dyes in organic solvent solutions measured using ammonium salts show only two reversible redox couples, similar to the typical response of quinones (e.g. 9,10-anthraquinone) in non-aqueous solvent solution in the absence of added acid or base. Instead, more electro-reduction peaks are detected in voltammograms measured using NaClO 4 as supporting electrolyte. The results with ammonium salts has led to an erroneous conclusion in some published works that the electro-reduction of these dyes only proceeds through the formation of a radical anion and dianion. When sodium or lithium salts are employed, the occurrence of complexation reactions or ion pair formation [33, 34] between the negatively charged species, such as AH 2− or AH 2 2− , with Na + or Li + cations produce cathodic shifts in some electro-reduction peak potentials, and a greater number of reduction waves can be detected in the CVs. This behaviour reflects stabilization of the negatively charged forms in the presence of metal alkaline ions. Tetraalkylammonium ions in solution may cause no chemical interactions through coordination or hydrogen bonding since the coordination numbers of the central elements in the species (ions) are fully satisfied, apart from their excellent three-dimensional symmetries. The peak potentials of the first couple do not change significantly when using sodium or ammonium salts showing that the complexation reactions are negligible for the monoanionic species [35] .
Effect of added proton source
The addition of anhydrous TFA drastically changes the voltammetric behaviour of ALZ in DMF solution ( Fig. 7 and Table 1 ). The original cathodic peaks (cp1-3 DMF ) disappear, and are replaced by a quasireversible peak at Ecp DMF,TFA = −0.99 V in the initial cathodic sweep (e.g. R TFA = [TFA]/[ALZ] ≈ 2.4, see Fig. 7 ). The quasireversible original anodic peak practically does not change when TFA is added to the electrolytic medium (not shown). The main reduction reaction in the presence of the added acid is the generation of the tetrahydroxy (AH 4 ) compound (Scheme 5) [29, 36, 37] .
Results shown in Tables 1 and 2 is the well-known ECEC mechanism with E2 < E1 [38] (see Scheme 2, E1-C6-E2-C8), which is also proposed for the electro-reduction of ALZ in ACN solution in the presence of acid [39] . This sequence of the reactions is described as two rounds of electron-transfer coupled with proton acceptance (chemical reaction), that is ECEC (or EHEH) mechanism. Previous protonation of ALZ is discarded due to the low basicity of the carbonylic and phenolic oxygens in the non-aqueous solvents and because the quasireversible original anodic peak does not change when TFA is added to the electrolytic medium (see above in this section).
Effect of the added base
The addition of KOH in increasing R KOH = [KOH]/[ALZ] molar ratio to a solution of ALZ in DMF results in a successive disappearance of cp1 DMF and cp2 DMF (Fig. 4b) . At the same time, it appears and increases in intensity a new reversible cathodic peak at Ecp DMF,KOH = −1.95 V, very close to cp3 DMF measured in absence of the added base. For intermediate R KOH molar ratio values (e.g. R KOH ≈ 1) the CV shows two cathodic peaks (Fig. 4b, dashed line) and for higher R KOH ratios (e.g. R KOH > 2) only the new reversible redox couple is observed (Fig. 4b , R KOH ≈ 11, dotted-dashed line). To rationalize the CV changes in the presence of added base the reactions C4, E4 (Ecp2 DMF : −1.44 V), C5, E6 (Ecp DMF,KOH : −1.95 V) included in the general reaction scheme (Scheme 2) must be considered. The anion A 2− (C4 in Scheme 2) is the predominant species for high R KOH values (R KOH > 2) and the only possible reaction is its reversible electro-reduction E6. The non-availability of protons makes the reaction stops at this stage. The electro-reduction of the radical-anion A 3− (formed in E6, Scheme 2) is less probable and possibly occurs outside the usable potential range of the solvent. The current function for the peak at Ecp DMF,KOH = −1.95 V (Fig. 4b) than that which is measured in absence of the added base ( Bechtold et al. [25] postulate the direct electro-reduction of the neutral species (AH 2 : several hydroxy-9,10-anthraquinones in ref. [25] ) in aqueous basic medium even with a high molar ratio [NaOH]/[ dye] ≈ 200. The voltammetric and spectrophotometric results obtained in our work invalidate the Bechtold proposed mechanism.
Alizarin in other solvents
The electrochemical behaviour of ALZ in solution of solvents other than DMF (in the absence or in the presence of added acid or base) presents some differences and some similarities with the behav iour in DMF that depend on the solvent. The CVs show a variety of responses for the dye in solution of the different solvents. Some results are shown in Fig. 8 (ACN) , and in the Supplementary Material in Figs. 1S (TMU), 2S (FM), 3S (HMPA) and 4S (NMF) and in Table 1 , in the absence and in the presence of added acid or base.
In the absence of added acid or base
The number of electro-reduction processes detected in the first cathodic scan varies from three to one (Table 1; 3 processes for ACN, DMA, HMPA, MeOH, Py, DMF, DMSO, and PC; 2 processes for EtOH, FM, NMF, and NMA; 1 process for TMU and EDA) in the absence of added base or acid. The peak potentials and relative current intensities are significantly different from those measured in DMF solution (Table 1) . For example, for ALZ in ACN solution Electrochimica Acta xxx (2017) xxx-xxx , that is to say cfcp1 ACN /cfcp2 ACN ≈ 5.1 and cfcp1 ACN /cfcp3 ACN ≈ 8.9 in ACN, while cfcp1 DMF /cfcp2 DMF ≈ 2.4 and cfcp1 DMF /cfcp3 DMF ≈ 1.6 in DMF solution. This behaviour could be explained as the result of the decrease of the first dissociation constant of ALZ in solution of ACN compared with DMF (step C1, Scheme 2), so the predominant species in ACN is the neutral molecule (AH 2 ). This statement is supported by the spectrophotometric UV-vis results and by pKa data for phenols in solution of organic solvents published in literature [40] . UV-vis spectrum of ALZ in ACN solution presents an absorption band with a maximum at λ max = 424 nm (Fig. 1) corresponding to AH 2 neutral specie. Therefore, in this solvent, the main route is determined for the steps E1, (C1 + C6), E2, C7 and C1 (see Scheme 2). To facilitate the reading these steps are shown in Scheme 6. The subsequent electro-reduction of AH − (cp2 ACN ) depends on the concentration of this anion provided by the equilibrium C1 practically insignificant in ACN solvent (Fig. 1) . The formation of AH 4 , that provides a small concentration of the AH − anion (which is responsible of the small more cathodic peaks cp2 ACN at −1.27 V and cp3 ACN at −1.48 V (Table 1) , could be considered as a substitute reaction: (C1 + C8) AH 3 − + AH 2 → AH 4 + AH − . Other fact to be considered to rationalize the CVs of ALZ is the possible precipitation of the sodium salts of the negatively charged species in ACN and other solvents (Tables 1 and 2 in Supplementary Material). If this phenomenon were important, these salts would precipitate in the absence or presence of added base and this is not observed in Fig. 8 . However, the precipitation is not completely discarded. For example, in a sweep potential including only the first cathodic peak of ALZ/ACN/NaClO 4 a decrease of the current intensity for the corresponding anodic peak is observed (see inset in Fig. 8 ). The precipitation could explain this behaviour. By contrast, in DMSO/NaClO 4 system, PP dye shows (Fig. 10S , full-line) a behaviour similar to that observed for ALZ in ACN/NaClO 4 . In DMSO solvent in the absence or the presence of added base, precipitation does not occur (see Table 2 and Fig. 10S in Supplementary Material). The precipitation cannot describe this behaviour.
The evidence of the Na + effect is on the shifts of the peak potentials. The interaction between opposite charged species is stronger in ACN than in DMF solvent. Then, the shifts of the cathodic peaks to less cathodic potentials are larger for ACN. Both solvents have similar acceptor numbers (AN ACN : 18.9; AN DMF : 16.0) but the donor number for DMF is higher than for ACN (DN ACN : 14; DN DMF : 26), then the weaker interaction of Na + with ACN than with DMF favours the interaction of Na + with the opposite charge species. The CV behaviour of ALZ in DMSO, DMA, HMPA and PC solution is essentially the same one that was measured in DMF solution.
Only the two cathodic peaks at less cathodic potentials (Ecp1 NMA : −1.19 and Ecp2 NMA : −1.44 V) are present in the CV of electro-reduction of ALZ in NMA solution (Table 1) . Probably a similar rationalization to the mentioned above for ACN solvent may be given.
CV for ALZ in FM solution (Fig. 2S in Supplementary Material) shows two well separated peaks (Ecp1 FM = −1.07 (reversible) and Ecp2 FM = −2.54 V (irreversible)). The first electro-reduction step is somewhat anodically shifted by 0.12 V respect to DMF (Ecp1 DMF = −1.19 V). The main specie of ALZ in FM solution is AH − as it is shown in the UV-vis spectrum (λ max 556 nm, Fig. 1 Table 1 ). In the second electrochemical step the radical dianion, produced in the first step (E4) and also in C2, is irreversibly reduced to the trianion. The irreversibility is explained by assuming a fast irreversible protonation of the trianion.
It is known that FM has a large dielectric constant (109.5 [41] ), a considerably high Gutmann acceptor number (AN = 40), a quantitative measure of Lewis acidity of the solvents, and is a solvent with ability to form hydrogen bonding [42] . These characteristic properties of the solvent must produce a high stabilization of the anionic specie AH 2− which, together with C2, causes the charge transfer process (E4) at less cathodic potential than in DMF (Table 1) , and also could explain the high cathodic potential for the electro-reduction of AH 2− in FM. For ALZ in NMF solution, the CV shows two very close cathodic peaks at Ecp1 NMF = −1.15 (shoulder) and Ecp2 NMF = −1.32 V (Fig. 4S in Supplementary Material and Table 1 ) and, a single absorption band at 549 nm is shown in the UV-vis spectrum (Fig. 1) indicating that the dye is completely mono-dissociated in this solvent, being AH − the electroactive specie, as in FM. NMF has a lower acceptor number (AN = 32) [42] and a lower ability to form hydrogen bonding than FM, but its dielectric constant is very high (182.4). Therefore, the CV of ALZ in NMF solution should present mainly the electro-reduction of this specie as the first electro-reduction step as it is shown in Fig. 4S in Supplementary Material, and the redox mechanism is the same as in FM.
In the presence of TFA
ALZ in the solution of the solvents other than DMF in the presence of added acid shows a similar behaviour than that measured in DMF solution, therefore the reaction mechanism is the same in all studied solvents. The electrochemical behaviour of ALZ in solution of a given solvent in the presence of added acid results similar for both (Na + and R 4 N + ) supporting electrolytes (see Figs. 4a, 5, 8 ). This behaviour also evidences the interaction of the alkaline cation with the opposite charge species.
In the presence of added base
CVs for ALZ in the solution of the solvents used in this work other than DMF in the presence of high R KOH molar ratio (R KOH > 5) show a cathodic reversible couple. There is a solvent effect on the potential and current intensity of the cathodic couple in presence of added base (Table 1 ). In general, the cathodic process occurs at less cathodic potentials for solvents with high AN value (e.g. FM: 40, MeOH: 41, EtOH: 37) and with ability to form hydrogen bonding, than for solvents of lower value of AN (e.g. DMA: 14, DMSO: 19, HMPA: 11) and without ability to form hydrogen bond. The solvent effect on the redox potential is interpreted based on interaction between solute and solvent such as solute-solvent hydrogen bonding, Lewis acid-base interactions and solute-solvent p-stacking of ring systems. The ability to form hydrogen bonding and the high Lewis acidity (AN) of the solvents like FM, MeOH and EtOH may favourably stabilize the specie (A 3− , see E6 in Scheme 7) and then the redox couple is observed at less cathodic potential than in solvents with lower AN and without ability to form hydrogen bondings. The hydrogen bond reduces the electron density on the carbonyl oxygen atom(s) and thus increases the electrophilic nature of the aromatic system and stabilizes the anion radical A 3− formed during the charge transfer process [43] .
A particular electrochemical behaviour is shown by the CVs measured for ALZ in DMA solution in the presence of added base. For intermediate concentrations of added base (R KOH ≈ 2), the CV shows a cathodic process of adsorption on the vitreous carbon electrode in the first cathodic scan, which is detected in the subsequent anodic sweep. This adsorption is affected by the final concentration of the added base and the electrochemical variables such as sweep rate, cathodic potential sweep limit and the time spent in the cathodic potential limit. In Figs. 9 and 8S are shown some examples. The measured CV for ALZ in DMA solution in the absence of base is similar to that measured in DMF. In the presence of added base, for intermediary KOH concentrations (e.g. R KOH ≈ 2), Fig. 9 , the anionic intermediate (probably AH 2− ) generated in the first cathodic scan is strongly adsorbed on vitreous carbon electrode. The corresponding desorption is observed in the subsequent anodic sweep as a wave whose maximum (potential and current intensity and charge) depends on the cathodic potential limit of the sweep and on the time spent in the electrosorption potential zone. During the stopping potential, the surface of the electrode is gradually covered by AH 2− (as Na + salt, with NaClO 4 as supporting electrolyte). The electrosorbed species is electro-oxidized on the surface of the electrode during the anodic scan. Therefore, the potential for the electro-oxidation depends on the coverage and prob ably on the changes that occur on the surface [44] . For greater concentrations of base (R KOH > 2) electrosorption process is not observed, the specie AH − is transformed in A 2− and AH 2− is not formed. The new proposed reaction mechanism is shown in Scheme 7.
During the cathodic sweep, the amount of adsorbed species [AH 2− ads] depends on the time that the electrode stays at the electroadsorption potential zone. For short times, electroadsorption hardly occurs, so only diffusional AH 2− oxidation on anodic sweep is observed (Fig. 9, dotted line) . For longer times, the electro-oxidation of the adsorbed species is shown by the anodic peak at potentials above −1.3 V. The extent of adsorption of AH 2− also depends on the cathodic potential scan limit (Fig. 8S in Supplementary Material) .
Quinone dyes other than ALZ
The electrochemical parameters Ep and Ip for PP, QZ, ALS and CA in solution of the different solvents studied are shown in Table 2 (in Supplementary Material). Some CVs as examples are in Figs. 5S, 6S, 7S and 10S in the Supplementary Material. There is an important solvent effect on the electrochemical behaviour of these dyes in solution. For instance, for PP the number of electro-reduction processes observed in the first cathodic scan is 1 (in TMU, Table 2 in Supplementary Material), 2 (in NMF, Table 2 in Supplementary Material, Fig. 5S and FM, Table 2 in Supplementary Material) and 5 (in DMSO, Table 2 (Table 2 in Supplementary Material). Thus, for example, the shift is almost negligible for PP and AC in solution of DMSO solvent, while for AC in FM solution, the shift is ca. 730 mV. This behaviour may be rationalized in terms of the dissociation constant of the added acid (TFA) in the different solvents [33, 45] . The degree of dissociation of TFA is greater in solvents with high dielectric constant (ε) and AN (e.g. FM, ε = 109, AN = 40), so that in solution of this type of solvents the potential shift caused by the added acid is greater than the shift observed in solvents with less dielectric constant and AN (e.g. DMSO, ε = 47, AN = 19). c) Substitution of one hydrogen atom of C arom -H bond of ALZ by a sodium salt of the sulfonic acid group (−SO 3 − Na + ) as in ALS slightly modifies or does not modify the CV response of the dye in solution. The negative charge on the sulfonate group dispersed on the three oxygen atoms and the cation Na + compensate the strong electron withdrawing effect of a sulfonic group (-SO 3 H). d) Some dyes precipitate in various solvents in the presence of added base ( Table 2 in Supplementary Material) probably as a consequence of a competition between the ability of these solvents to solvate the species with negative or positive charges (cation of the supporting electrolyte) and the common ion effect responsible for the decrease in the solubility of an ionic species when a soluble compound (supporting electrolyte) containing one of the ions (Na + ) of the precipitate is added to the solution. Under these conditions no anodic or cathodic peaks are observed in the suitable range of potential. Some examples are showed in Table 1 and in Table 2 and Fig. 6S in Supplementary Material for CA in TMU (dashed-dotted line).
Dyes other than ALZ in the presence of added acid or base
The electrochemical behaviour of PP, QZ, ALS and CA dyes is also modified by the addition of an acid or a base. Only one cathodic peak is detected with a sufficient excess of added acid (in all solvents) or added base (in all solvents, except for the insoluble dyes in basic medium, e.g. PP, CA, QZ, see Table 2 in the Supplementary Material). The CVs of PP in NMF solution in the absence and in the presence of added acid or base are shown in Fig. 5S in the Supplementary Material. The electro-reduction in the presence of a sufficient excess of added acid shows only one peak shifted to less cathodic potential respect to the first electro-reduction peak measured in the absence of acid. There is a solvent effect on the magnitude of the shift. For example, for PP in DMSO solution the only peak does not shift, while in FM solution the shift is +0.45 V (see Table 2 in Supplementary Material).
The electro-reduction in the presence of sufficient excess of added base shows, in general, only one peak cathodically shifted respect to the peak corresponding to the first electron transfer process measured in the absence of added base. The magnitude of the shift depends on the dye and the solvent. For example, the shift is 0.71 V for ALS in DMSO solution, while it is 0.53 V in FM solution (see Table 2 in Supplementary Material).
Anodic behaviour of ALZ and the other dyes
The peaks observed in the anodic sweeps in the CV experiments are related to the electro-oxidation of the phenol moieties of the dye molecules [46] : AH 2 ↔ A + 2 H + + 2e − , where A (see Scheme 3) is the tetracarbonyl compound.
The general electrode reaction mechanism proposed is shown in Scheme 2. The following aspects are particularly noteworthy and deserve to be discussed.
a) The electro-oxidation reaction of AH 2 in DMF and others solvents is quasireversible (Figs. 4a, 5, 8 ) and the reverse reaction seems be the regeneration of AH 2 (dotted line in Fig. 9S in Supplementary Material). This assumption is supported by the fact that in the subsequent cathodic sweep, the current intensity of the peak corresponding to the reduction of AH 2 in DMF (Ecp1 = −1.19 V) is similar to that measured in the first cathodic sweep (Fig. 9S in Supplementary Material). b) The production of protons in the electro-oxidation reaction of AH 2 is discovered in the CV in the subsequent cathodic scan. For instance, for ALZ in DMF solution, the peak corresponding to the electro-oxidation of ALZ in the first anodic sweep is observed at Eap = +0.68 V, while in the subsequent cathodic sweep, the protons formed in this manner produce a peak prior (called pre-peak) to the corresponding to the first electro-reduction of ALZ molecule (see C6 and/or C8 in Scheme 2). The current intensity of the pre-peak increases when the anodic sweep is stopped at a suitably chosen anodic potential (Fig. 9S , stopped potential during τ: 0, 15 and 60 s).
c) For some dye/solvent systems, the peak potential and current intensity of the electro-oxidation wave are not significantly modified by the addition of acid. Some examples are ALZ in ACN, DMA, DMSO, EtOH or TMU; PP in TMU; QZ, AC and ALS in DMSO, or ALS in TMU (see Tables 1 and 2 in Supplementary Material). This behaviour is related to the extension of the dissociation of the dye molecule. A typical example is the ALZ molecule in ACN, solvent in which ALZ is practically undissociated (Fig. 2) . Under these conditions, the addition of acid does not affect the reaction mechanism because the starting reagent is not altered by the presence of the added acid. For this type of solvents the most probably mechanism could be Ea1-Ca1-Ca3-Ea6 (Scheme 2) in the absence and in the presence of added acid. The global process observed at the oxidation wave Eap = +1.14 V (Table 1 and Fig. 8 ) shows two exchanged electrons as predictable.
For other dye/solvent systems in which the dye molecule is highly dissociated even in the absence of added base, as for example ALZ in NMF (Fig. 1) or PP in FM (UV-vis spectra not shown), the reactions Ea3, Ea4 and Ca4 (see Scheme 2) must be added to Ea1-Ca1-Ca3-Ea6 (see Scheme 2), because the electro-oxidation of AH − is also possible. According to the reaction scheme proposed, the electro-oxidation peak potential depends on the position of the equilibrium C1 (Scheme 2). For example, ALZ in NMF solution (high dissociation acid constant for phenolic-OH groups, Fig. 1 ) in the absence of acid, the maximum of electro-oxidation wave is observed at +0.10 V, and it is anodically shifted in 0.49 V in the presence of added acid. value, more peaks are detected in the anodic sweep than those measured when KOH is added in higher R KOH value. Though the effect of the R KOH molar ratio on the CV response has not been studied in great detail, the results show, for example, that only one anodic peak is observed in the CV for ALZ in ACN solution when R KOH ≈ 1.4 ( Fig.  8) while in FM solution a R KOH ≈ 14 is required (Fig. 2S ). There is a solvent effect on the anodic peak potential obtained for higher R KOH values (R KOH > 5). The solvent effect again may be rationalized by using the empirical parameter AN. The electro-oxidation peak potential for ALZ in the presence of added base and its dependence with the AN parameter for various solvents is shown in Fig. 10 . A 2− dianion is slightly stabilized by solvents with small AN values (TMU, HMPA, or DMF). Therefore, A 2− is more easily oxidizable and its electro-oxidation peak potential is shifted to less anodic values. 
Stepwise vs. concerted transfer of an electron and a proton
Finally, a quick view of the stages that make up the general mechanism of electro-reduction of anthraquinone dyes leads us to think about the possibility of the presence of the proton-coupled electron transfer (PCET, reactions involve the concerted transfer of an electron and a proton [47] ) [48] [49] [50] . Within this scheme, three main cases can be distinguished: a) Electron transfer and intermolecular proton transfer. It is widely accepted that the first stage of electro-reduction of quinones and related compounds is the formation of the radical anion. Further reactions will depend on a number of factors such as the stability of the radical anion, the medium or the temperature. The initial radical anions corresponding to the anthraquinone dyes studied in our work are sufficiently stable to be detectable by CV or EPR when they are generated by a controlled potential electrolysis as it was measured in our laboratory [51] . From these results it is deduced that the proton transfer from another molecule is relatively slow in the experimental conditions studied, consequently we discard the existence of stages based on PCET reactions. b) Electron transfer and proton transfer from an external source of protons (added acid). This case is similar to the previous one, but the greater availability of protons is manifested in the increase of the proton transference rate of the acid (TFA) towards the radical anion initially formed. The influence of the solvent when the dye is in the presence of an excess of protons is manifested in the variation of the acid dissociation constant and the proton transfer rate constant of the acid to the electro-generated bases with the nature of the solvent [38] . Therefore the values of these parameters determine the electrochemical parameters, Ep and Ip. Thus, solvents with poor donor capacity (e.g. ACN) produce higher proton transfer rates resulting in a more reversible response and a less cathodic potential. With similar considerations to the previous case, here also we discard mechanisms that involve stages based on PCET reactions. c) Electron transfer and intramolecular proton transfer. Evidently, the proton transfer (deprotonation) exists in the neutral dye molecule prior to the electron transfer, as Habeeb and Alghanmi point out [52] . Under these conditions the equilibrium position of AH − formation will depend on the interaction of HO at position 2 with the solvent (:S) (see Scheme 9) . Thus, the highly donor solvents (FM, HMPA) shift the reaction towards the formation of AH − , as opposed to the poor donor solvents (ACN) in which there is practically no dissociation. This is the scenario in which electron transfer occurs in the electrode/solution interface. The question is whether the formation of the radical anion AH 2 − in the first stage influences the intramolecular transfer equilibrium in the neutral molecule (AH 2 ). The presence of the negative charge makes less important the interaction with the solvent described above. But in the presence of donor proton solvents (e.g. ROH), the radical anion AH 2 − is stabilized through the negative charge. In this case it is feasible to think that intramolecular protonic transfer is not favourable. For this reason we consider that the electron transfer potential position is a result of a complex mixture of several factors: i) intrinsic stability of the radical anion. The numerous resonant and tautomeric structures describe this stability, ii) the interaction of this charged species with highly accepting Scheme 9. Proton transfer in the dye neutral molecule prior to the electron transfer.
solvents (ROH), and iii) the interaction of the cation of the supporting electrolyte with highly acceptor solvents. The greater or lesser solvation of these cations consequently determines the stabilization of the negative charge in AH 2 − .
CONCLUSIONS
Different responses have been observed in the electrochemical characterization of five hydroxyanthraquinone dyes in organic solvent solutions. The electro-reductions/oxidations occur in accessible potential zones. The reactions are strongly influenced by the medium (supporting electrolyte, solvent, and added acid or base). Solvents modify the electrochemical response through their dielectric constant, H-bond ability and charge acceptor/donor properties. These properties modify the dissociation equilibrium of the phenolic-OH and the degree of stabilization of charge species (mainly anions). Solvents with strong acceptor properties favour the dissociation of the phenolic-OH groups, increasing the concentration of the deprotonated species of the dyes in solution. The protonated, parcially o totally deprotonated species are identified by absorption UV-vis spectroscopy.
According to our knowledge, this is the first work that clearly shows that the hydroxyanthraquinone dyes can be found as neutral molecules, partially or totally deprotonated species in solution of numerous non-aqueous solvents in the absence of added acid or base.
The addition of acid to the electrolytic medium affects the electro-reduction process according to the molar ratio R acid = [acid]/[dye] value. The electro-reduction of the dye in the presence of added acid occurs at less cathodic potential than without added acid, being facilitated in this way the process of reduction of the dye. As experimentally measured in the presence of added acid, the increase in R acid hinders the electro-oxidation, due to the decrease of the concentration of the dissociated forms of the dye, and consequently, the decrease in R acid also hinders the electro-reduction of carbonyls by increasing the concentration of the anions.
The electro-reduction of the neutral non-dissociated species has been postulated in the literature for several hydroxyanthraquinones in aqueous basic medium even with a high molar ratio [NaOH]/[dye]. Our voltammetric and spectrophotometric results show that this statement must be rejected. The cathodic process is at more cathodic potentials in the presence of an excess of added base than without base, because the dissociated species are the predominant ones for high molar ratios R base = [base]/[dye]. A particular electrochemical behaviour is observed for ALZ in DMA solution with added base in intermediate R base values. The monodissociated dye is in solution in this experimental condition and its reduction product, the radical-dianion, is electrosorbed on the vitreous carbon electrode.
The electro-oxidation behaviour of the dyes is also influenced by the extension of the acid dissociation of the dye molecule. When the dye molecule is non-dissociated in a given solvent, the addition of acid does not affect the anodic behaviour. On the other hand, for other dye/ solvent systems in which the dye molecule is highly dissociated the electro-oxidation occurs at less anodic potentials and an effect of the added acid is observed in the cyclic voltammogram.
A very important role plays the supporting electrolyte. The presence of alkaline cations allows the CV detection of more charge transfer processes respect to the more inert tetraalkylammonium cation. The relative current intensities of the CV detected processes in the presence of alkaline cations are also influenced by the above mentioned variables. The study of the effect of the supporting electrolyte on the electrochemical behaviour of the hydroxyanthraquinone dyes reveals the confusion published in the literature that the electro-reduction of the hydroxyquinones proceeds only through the formation of a radical-anion and a dianion.
For comparison with related compounds (9,10-anthraquinone and phenols), it is possible to conclude that the electrochemical reaction products come from the electro-reduction of the carbonyl-quinone groups strongly assisted by phenol moieties, while the electro-oxidation is mainly due to phenolic groups modified by the quinone groups.
A general square reaction scheme, including all the electro-reduction/oxidation processes and the chemical acid-base equilibria, is proposed. Furthermore, the most important reaction routes for particular dye/solvent systems without or with added acid or base are emphasized and rationalized.
